A comparative study of the physical adsorption of RNAse A and RNAse Bacillus pumilis onto a negatively charged surface of mica, a hydrophobic surface of pyrolytic graphite and a surface of lipid layers of dipalmitoylphosphatidylcholine (DPPC) was performed by atomic force microscopy. It was found that microbial RNAse, unlike RNAse A, 1) is adsorbed onto the negatively charged surface of mica in the form of monomers and dimers; 2) exhibits enhanced tropism to the hydrophobic surface of pyrolytic graphite; 3) modifies morphotopography and thickness of the lipid bilayer of DPPC. The detected surface-dependent differences in adsorption of RNAses are consistent with the features of their structure and cytotoxic properties.
Atomic force microscopy (AFM) is one of the modern methods of investigation used to study the surface structure at the nanometer scale. Using AFM, it is possible to successfully analyze the dynamics of adsorption and conformation of various substances, including protein molecules on atomically smooth surfaces [1] [2] [3] [4] [5] [6] . The study of the physical adsorption of proteins on different surfaces helps to reveal the peculiarities of their functioning in contact with the cell membrane and other biological substrates and contributes to the understanding of the role of interphase phenomena in biological processes 2, 4, 5 . Along with the study of adsorption, methods of atomic force microscopy are widely used to study the local structure of the cell membrane and artificial bilayer structures, as they allow one to obtain a valuable information about conformational changes in lipid membranes when interacting with different biomolecules to detect subtle structural features of the lipid layers and to estimate their morphometric parameters [6] [7] [8] [9] . The object of this work is cationic RNAses, which attract the attention of researchers as potential anticancer drugs of new generation [10] [11] [12] . Active study of the effect of electrostatic properties of RNAses on their cytotoxicity has made a significant contribution to the understanding of the mechanism of interaction of molecules of RNAses to the surface of tumor cells. In particular, the selectivity of the action of RNAses could be explained from the position of the electrostatic interaction of cationic RNAses to the negatively charged surface of tumor cells, which contain increased amounts of anionic phospholipids in the outer monolayer of the membrane 13 . However, the selectivity of the action of RNAses on cells cannot be mediated only by their electrostatic properties 14 . In the work 15 , it was shown that the internalization of certain cytotoxic RNAses occurs via clathrin-and dynaminindependent endocytosis, after which they were translocated through the membrane of endosomes and enter to the cytosol, where the realization of their cytotoxicity is occurred. In the process of translocation through the membrane, the protein is forced to interact with a hydrophobic region of a lipid bilayer. In this case, any exogenous protein molecule interacts with the thermodynamic barrier that can be overcomed by protein only in case of availability of regions with pronounced hydrophobic properties. In this regard, the consideration of the hydrophobic properties of the RNAses is a necessary step in deciphering the mechanism of their biological activity.
Currently, a number RNAses was obtained and studied from different sources; all of them have unique structures and its physico-chemical and biological properties 16, 17 . Entering to the body, they could potentially act on different cells and subcellular targets. Therefore, study of the adsorption of RNAses in physical models, simulating their interaction with the cytoplasmic membrane and intracellular structures, seems very promising.
In this work, AFM methods were used for a comparative study of physical adsorption of pancreatic and microbial RNAses at the negatively charged mica surface and the hydrophobic surface of the pyrolytic graphite, and the features of the surface structure of the lipid layers after their interaction with RNAses were investigated.
MATERIAL AND METHODS
Objects. Binase is secreted by grampositive spore-forming soil bacterium Bacillus pumilis. The old name of this species is Bacillus intermedius 18 . Amino acid sequence of binase includes 109 amino acid residues, molecular weight is 12300 Da 19 . Binase spatial structure was identified using the nuclear magnetic resonance spectroscopy (PDB ID: 1BUJ) 20 . In our experiments, we used electrophoretic homogeneous preparation of monomer binase obtained using the methodology described in 21 . BP-RNAse, or pancreatic RNAse A (RNAse A), firstly was isolated from the pancreas of the ox of Bos taurus 22 . Amino acid sequence of BP-RNAse consists of 124 amino acid residues, molecular weight -13680 Da. The spatial structure of BP-RNAse is determined by using nuclear magnetic resonance spectroscopy (PDB ID: 7RSA) 23 . In our experiments, we used the drug crystal monomer of the native BP-RNAse (Serva, Germany).
AFM and sample preparation
To study the adsorption of RNAses, we used two different atomic-smooth surfaces: negatively charged hydrophilic mica and hydrophobic highly orientated pyrolytical graphite (pyrographite). Lipid layers were prepared from dipalmitoylphosphatidylcholine (DPPC) (Serva, Germany).
Enzyme preparations were dissolved in sodium phosphate buffer (pH 7.2) to the appropriate concentrations. The area of the used freshly cleaved surfaces of mica and pyrolytic graphite were 1.0 and 0.5 cm 2 , respectively. The solutions of RNAse in a volume of 20 µl were placed on the surface of the chip used. The duration of interaction between enzyme and surfacewas 30 s, 2 and 5 min, after that the pyrolytic graphite and the mica was washed with deionized water and quickly dried in a weak stream of air at room temperature.
Visualization of the process of adsorption of RNAse A and binase on mica and pyrolytic graphite was carried out on atomic force microscope Solver P47H, the scanner 50×50 µm and Solver Pro, scanner 3×3 µm (NT-MDT Co, Russia). The surface scanning was performed in air at room temperature in tapping mode with standard silicon cantilevers NSG11 and NSG10S (radius of curvature -10 nm), using three methods of scanning: constant amplitude, the phase imaging made and the signal of error. The size of scans: 1×1 µm, 2×2 µm, 5×5 µm, 10×10 µm. Resolution: 512×512 points.
Artificial lipid membranes were prepared by fusing small monolamellar vesicles with mica 7 .
In the first step, we received multilamellar vesicles. For this purpose, 2 mg of DPPC was dissolved in 1 ml of methanol. After reaching homogeneity, the mixture was blowed with nitrogen stream to evaporate the solvent, and with the aim of complete removal of methanol it was left under vacuum ~4· 10 -1 mm Hg for 12 hours. Then, the dried sample was hydrated with distilled water (with the addition of HEPES) to a concentration of 1 mM. To obtain a homogeneous aqueous dispersion, the sample was heated to 60°C with agitation. The second stage involved the obtaining of monolamellar vesicles. Small monolamellar vesicles were obtained by ultrasonic disintegration of suspension of multilamellar vesicles. The sonication lasted until the suspension became completely transparent. Next, 100 µl of DPPC solution (1 mM) was placed on an inclined surface of a freshly cleaved mica. The sample was incubated at a temperature of 50°C (above the temperature of DPPC phase transition) for 10 min. On the obtained lipid bilayer, RNAse was placed -20 µl (50 µg/ml) and incubated for 10 min at 37°C. Then, the sample was washed with bidistilled water, dried at room temperature for 30 min, and visualized by AFM.
Visualization of the surface of the lipid layers was performed in air at room temperature in tapping and contact modes using AFM Solver P47H, scanner 50×50 µm, Solver Pro, scanner 3×3 µm. For tapping mode, we used standard silicon cantilevers NSG11, the radius of curvature of the tip was less than 10 nm. For contact mode, we used cantilevers CSG11 with a stiffness of 0.03 N/ m. Scannings in both cases were performed with a resolution of 512×512 points.
To describe the microgeometry of the surface lipid layers, we calculated phenomenological characteristics: Sy-peak-topeak, sa-normal surface roughness, Sq -is mean square roughness, the entropy according to prescribed formulas 24 . For calculation, we used the AFM images obtained in the topography mode.
All experiments were repeated 3-5 times. For statistical analysis we used Microsoft Excel, Origin 6, MATLAB R2009b software.
The kinetics of RNAse adsorption on two different surfaces was investigated on the degree of filling protein to the surface of the sorbent Q for the period time of sorption Δt.
The degree of filling surface by the protein was determined using the formula:
where G is the amount of substance sorbed over a period of time Δt, G 0 is the area of surface contact of the solution and the sorbent (pyrolytic graphite or mica).
Assessment of the degree of surface Q filling by the protein was carried out by programs written in MATLAB R2009b. One of them counted the degree of protein coverage of the surface using AFM-images obtained in the topography mode, the other using the AFM-images obtained in the mode of phase contrast. The number of samples of AFM images ranged from 7 to 15 for each tested interaction time.
RESULTS

Visualization of the adsorption of RNAses on mica and pyrographite
In the preliminary experiments, we carried out a selection of optimal conditions for the adsorption of RNAses, which was based on a clear visualization of molecules and aggregates of adsorbed proteins on the surface of the substrate. We selected the following optimal concentrations of enzyme: no more than 50 µg/ml for mica 5 , and no more than 10 µg/ml for pyrolytic graphite. The interaction of RNAses with mica and pyrolytic graphite did not exceed 5 min. Increasing the concentration and time of interaction led to the increased amount of adsorbed protein on the substrate and hampered interpretation of the results.
Used RNAses had almost the same molecular weight, which allowed not taking into account the force of their gravitational attraction due to adsorption to the substrate.
Visualization of the adsorption of RNAses at different contact time with the surface of mica and pyrolytic graphite are presented in Fig. 1 and Fig. 2 .
Topographic images of the surface samples showed different degree of aggregation of the studied enzymes during their adsorption on the negatively charged mica surface at physiological pH. For RNAse A, formation of aggregates was low and little dependent on the time of interaction with the substrate (Fig. 1a) . For binase, after 2 minutes, there was the appearance of dimeric forms, which were absent in RNAse A (Fig. 3) . With increasing time of contact of binase with mica, dimeric molecules were replaced by aggregates of enzyme molecules; at that, there were kept also monomeric forms of RNAse (Fig. 1b) .
Adsorption of enzymes on uncharged hydrophobic surface of pyrolytic graphite qualitatively differed from their adsorption on mica. RNAse molecules adsorbed on the mica were just structures that could be differentiated by size and shape; while in case of their adsorption on pyrolytic graphite the picture was much more complicated (Fig. 2) . While the adsorption of RNAse A (10 µg/ml) on pyrolytic graphite, after 30 s there was aggregation of proteins in the form of elongated formations, which over time took on the form of flaky heterogeneous structures (Fig. 2a) . Binase in the same conditions and with the same concentration was visualized as a dense layer of oval and slightly elongated structures, which over time became more elongated and were arranged one after another in the network with characteristic holes of different size (2 min) (Fig. 2b) . Three-dimensional AFM images adsorbed on pyrolytic graphite molecules of RNAse A (a) and binase (b) also differ sharply. RNAse A is adsorbed in the form of separate units, the height of which is 8 nm (Fig. 4a) , while binase tends to form a nonuniform mesh structures with peaks and ridges with a height of 4 nm and 3 nm, respectively (Fig. 4b) . The kinetics of RNAse adsorption on mica and pyrographite Time dynamics of the occupancy rate of the studied RNAses on Q mica surface is presented in Fig. 5 . It follows from Fig 5 that the degree of surface filling by protein in RNAse A is less than in binase. At that, in both RNAses we observed increase of filling protein of surface with increasing duration of contact. At the same time, the difference in the degree of adsorption of RNAse A and binase for Δt = 30 S and Δt = 2 min is small.
Filling by RNAses of a surface of pyrolytic graphite is significantly different and significantly higher compared to the mica (Fig. 6) . The degree of filling of the surface of pyrolytic graphite by binase changes slightly over time, and is in the range of 50-70%. At the same time, RNAse A in the first 30 s constitutes approximately 20% and it increases in proportion to the duration of contact with the surface.
The interaction of RNAses with artificial lipid membranes
The ability of lipids to form a stable film on the hydrophilic surface enables visualization and analysis of the surface of artificial membranes using atomic force microscopy. Figs. 7 and 8a present the AFM images of lipid layers DPPC in tapping mode.
In this image you can see various options . Phenomenological parameters (Sy-peak-to-peak height, Sq-is mean-square roughness, Sqnormal surface roughness) of the surface lipid layer before and after interaction with binase (50 µg/ml) for the merger of lipid membranes with mica. The darkest part of the image corresponds to the plane of the mica, where the bilayer is not formed. This usually occurs due to a short incubation time, or due to an insufficient concentration of lipid. The lightest areas of the image (the so-called "islands") are consistent with lipid layers. The height of the single bilayer is 4.9±0.6 nm. White "islands" in the image correspond to areas where there was the formation of the lipid membrane already formed on the bilayer. The thickness of such double-layer membranes is slightly more than the sum of the two single ones (10.2±0.7 nm). The membrane thickness measured in the contact mode was 4.0±0.1 nm (Fig. 7a) . This decrease in the thickness of the membrane is most likely connected with a closer contact of the probe with the sample than in tapping mode.
After incubation of lipid membranes with binase, we recorded the reduction of the thickness of the bilayer up to 2.1 ±0.1 nm, and changes in the structure of the surface layers were detected.
To increase the resolution of AFM images of lipid layers, we used additionally AFM Solver Pro, scanner 3×3 µm. The resulting images more clearly demonstrated the visual changes in the surface structure of the lipid layers after interaction with binase (Fig. 9) , and the calculated phenomenological parameters confirmed this fact. All the characteristics (roughness, peak-to-peak height, entropy) was significantly increased compared with the control ones (Fig. 10 ). After interaction with RNAse A these characteristics did not change significantly in comparison with control. 
DISCUSSION
Adsorption of exogenous water-soluble proteins is the first stage of their interaction with the cell. The process of adsorption is determined mainly by ionic, hydrogen Van-der-Waals, and hydrophobic types of interactions that occur between the surface and adsorbing protein molecules realizing in accordance with the laws of thermodynamics, if free Gibbs energy of the system decreases 25 . Adsorption of cationic RNAses to the negatively charged mica surface in the general form simulates their interaction with the negatively charged cytoplasmic membrane. As a substrate we used one of the varieties of mica -muscovite. This is a group of minerals with a characteristic chemical composition: 4[KAl 2 (AlSi 3 O 10 )(OH) 2 ]. The presence in the structure of muscovite layers of potassium ions determines the separation of sheets of mica, consisting of double layers of SiO 4 tetrahedra. Interlayer potassium ions extremely easily replaced with water molecules 26, 27 , making space for adsorption of protein. The oxygen atoms of the SiO 4 tetrahedra at interaction with water solutions of various substances, including proteins acquire a negative charge. These properties allow the use of muscovite in the study of adsorption of RNAse as a structural analogue of the surface of tumor cells that have a higher negative charge compared with the surface of normal cells 28 . This model is especially relevant for the cationic RNAses, having the ability to selectively act on cells, including tumor ones 13 . Studied in the work cationic RNAses exhibit different toxicity against tumor cells. Pancreatic RNAse (RNAse A) in native state is not cytotoxic 29 , while binase, in some cases, selectively inhibits the growth of certain malignant cell lines 11 . Previously, we investigated the peculiarities of the electrostatic interaction of these RNAses with mica by AFM. We have shown that binase much more effectively than pancreatic RNAse adsorbs on negatively charged substrate. The process of adsorption of RNAses depends on the distribution of charge on the surface of protein globule and is accompanied by aggregation of protein molecules [5] . The results presented in this work confirm our previous observations. However, it is necessary to emphasize the following important aspect. Under certain conditions, binase forms dimers on the atomically flat surface of mica (but not pyrographite). The same orientation of the subunits in the dimeric structure of the binase form (Fig. 3 ) in relation to each other suggests that dimerization may be due to complex intermolecular electrostatic and hydrophobic interactions between molecules. The obtained experimental results are in good agreement with the theoretical ones. In previously published work 30 , we found in silico that in the molecule of binase there is a hydrophobic (NF) segment, in which structure we identified amino acid residues required for the dimerization. Thermodynamic parameters of the NFsegment show that it is capable of thermodynamically favorable interaction with the lipid bilayer and sterically available for the dimerization of monomers binase. Dimerization of the monomers, as is known, is one of the criteria of cytotoxicity of a number of RNAses toward tumor cells 31 .
The adsorption of RNAses on the uncharged surface of pyrolytic graphite are carried out mainly by Van-der-Waals forces of attraction of non-polar radicals of proteins to hydrophobic areas of the substrate that usually is accompanied by partial denaturation (change in conformation) of the protein. Dehydration of hydrophobic areas of the substrate lowers the free energy of Gibbs of the system, and therefore makes the protein adsorption is more preferable. The change of the Gibbs free energy explains why proteins adsorb to most surfaces having hydrophobic areas, even in the presence of electrostatic repulsion between the surface and the protein 25 . In this regard, we can conclude that a greater or lesser affinity of the protein to the surface will depend on the relative numbers of hydrophobic clusters in the protein molecule.
Our results confirm that RNAses are adsorbing on the surface of pyrolytic graphite more preferably than on mica. The presence of NF segment in binase potentially should improve binase affinity to the hydrophobic surface of pyrolytic graphite. Indeed, if we compare the AFM images of RNAse adsorbed on pyrolytic graphite, it becomes obvious that binase more effectively fills the surface of the substrate in comparison with pancreatic RNAse. This conclusion is also supported by quantitative calculations of the surface area occupied by adsorbed drugs.
The nature of the adsorption of pancreatic and microbial RNAses is also different. This is likely due to differences in the structure of RNAses under study. The lack of cysteine in the structure benase, and, as a consequence, the impossibility of formation of stabilizing covalent disulfide bonds, makes the protein molecule more labile, and it is "spread" on the hydrophobic surface of pyrolytic graphite.
Molecules RNAse A, unlike binase, are aggregated on the hydrophobic surface of the pyrolytic graphite in the form of elongated structures in direction to up. This is most likely due to the higher polarity of RNAse A compared to binase. The dipole moments of RNAse A and binase are 545 D and 225 D, respectively 5 . The presence of high dipole moment, characterizing the skewness of a distribution of negative and positive charges in a protein molecule, determines the most probable spatial orientation of the dissolved protein molecules that are close to uncharged substrate surface. When random collisions are occurred, molecules of RNAse A are oriented in such a way that due to electrostatic interaction their form aggregates of up-elongated shape (Fig.  2) , which is converted to a flaked structure. Besides, the molecule of RNAse A is stabilized by four covalent disulfide bonds that inhibit its "spreading" over the surface of pyrographite.
Investigation of the surface structure of the lipid layers after their interaction with RNAse A and binase showed that they also differ, in particular, by morphological characteristics. Especially noticeable changes were detected in layers after their contact with binase. However, the main difference is that after treatment with binase, the height of a lipid bilayer was decreased compared with control, whereas RNAse A had no effect on this parameter. It may be explained in the following way. As it was mentioned above, in the molecule binase (but not in RNAse A) we identified the hydrophobic segment that is able to thermodynamic interactions with the lipid bilayer. This interaction can result in binase embedding to the lipid bilayer; as is well known, the embedding of the protein into the membrane violates the strict organization of the lipid bilayer and is accompanied by a change of its thickness 32 .
CONCLUSION
The detected AFM-differences in the adsorption of RNAse from Bacillus pumilis (binase) and pancreatic RNAse on charged and hydrophobic surfaces are consistent with the peculiarities of the structure and cytotoxic properties of these enzymes. More high affinity of binase to negatively charged substrate, in comparison with RNAse A, correlates with its selective effect on some tumour cell lines. On the other hand, the results demonstrating binase adsorption on the hydrophobic surface of the pyrographite, and the change in the structure of a lipid bilayer under its influence help us to better understand the peculiarities of interaction between binase and cytoplasmic membrane.
